Ensuring the safety and efficiency of crane operation is challenging due to the complexity of lifting operation. The real-time lifting path planning system developed in this paper aims to provide an optimized, collision-free lifting path for mobile crane operators. The first contribution of the developed system is to take advantage of crane mounted sensors and components as the hardware to collect object information. No additional device needs to be purchased. Secondly, the data storage, path planning, optimizing, and visualizing functions are designed to minimize the required computer memory so that the system can be installed and applied on the crane mounted controller for real-time operation. No additional calculation capacity is required. This system has been tested in real construction sites and demonstrated its ability to generate lifting paths satisfying operators' expectation. The system, as an independent software package, can be installed on any mobile cranes mounted with the necessary hardware.
. Based on crane accident data, mobile cranes have been recognized as potentially more dangerous than other types of cranes due to their configuration and operation concepts (Shapira and Lyachin 2009; Peurifoy et al. 2010; King 2012 ). An earlier study by Compliance Safety and Health Officers (CSHOs) also indicated that over 88% of the 7,479 fatalities in the construction industry from 1991 to 2002 were mobile-crane related (Beavers et al. 2006) . Taking a closer look at the causes of crane accidents reveals that human error plays an important role. In 42.7% of the incidents studied by King, crane operators were found to be at least partially at fault.
These data suggest that more emphasis should be put on the development of intelligent assistance systems to enhance crane operation safety by reducing the likelihood of human errors.
D r a f t
The planning of lifting paths is essential for crane operation in complex construction sites (Lin 2013) . Collecting environment data of work sites is the first step for planning the lifting path. Extensive research efforts have been directed to equip cranes with advanced sensors to collect entity data from work sites in real time. Some tracking schemes were developed to track multiple workers on construction sites using video image processing technology and time-lapse photography (Yang et al. 2010; Jog et al. 2011; Kawai et al. 2008) . Such image processing technology, however, requires significant computation power for real-time applications. In addition, the relative distances calculated through images tend to have high errors. Therefore, a variety of technologies such as Radar, Global Positioning System (GPS) (Wu et al. 2013 ), ultra-wideband sensor , radio frequency (RF) remote sensor (Marayong et al. 2012) , infrared detection (Ye 2010) , and 3D laser scanners (Shih 2002) have been explored to identify the positions of objects in the same area as the cranes in operation to establish the 3D crane lifting environment.
The second core component in lifting motion planning is the optimization algorithms to search for the suitable lifting paths. In the construction domain, many algorithms have been studied to search for collision-free lifting paths based on the concepts of configuration space (C-space) and degrees of freedom (DOFs) (Pérez 1983; Choset et al. 2005) . In this approach, a crane is studied as a robotic manipulator with multiple DOFs. C-space is the set of all possible configurations of a robot, and a configuration of a robot system is the complete specification of the position of every D r a f t point in that system. Reddy et al. generated the C-space using an interference detection technique and searched for the optimal lifting path through two levels of a heuristic algorithm (Reddy et al. 2002) . Garber and Lin proposed a constraint-based motion planning approach that transforms the motion planning problem into the simulation of a dynamical system in which the motion of each rigid robot is subject to geometric constraints (Garber and Lin 2002) . Other searching algorithms developed to search for the optimal/feasible path without collision and overload from the origin position of a lifting object to its destination position include: the ant colony algorithm (Wang et al. 2011 ), the probabilistic roadmap method (Chang et al. 2012) , the A star path-finding algorithm (Ali et al. 2005) , the rapidly exploring random tree algorithm (Zhang and Hammad 2012), etc.
To combine the data collection, path planning, and lifting simulation functions, various integrated systems for lift planning have been developed. Taghaddos et al. employed a simulation-based approach to produce a heavy lifting planning system for mobile cranes (Taghaddos et al. 2010) . A dual-crane scenario was used to demonstrate the sufficiency of the system to provide detailed simulation and visualization for crane manipulation and cooperation. Lei et al. presented a generic lift-path-checking system for megaprojects (Lei et al. 2013 ). Strukova and Istvanik developed a noncommercial software tool, the Mobile Crane Simulator, to visualize mobile crane operation in 3D (Strukova and Istvanik 2011) . Hermann et al. presented an integrated system to select, position, and simulate mobile cranes for complex industrial projects (Hermann et al. D r a f t 2010). In addition, some computerized lift planning software (CLPS) (e.g., Lift Planner developed by Jim Meehan, Cranimation produced by craniMAX, the 3-D Lift Plan designed by A1 A Software, the KranXpert in Germany), are commonly used by average-sized crane rental companies for everyday jobs. These CLPS are able to produce drawings to plan and document critical lifts (Harrison 2010) . However, they are generally used to manually plan the path for moving objects by considering obstacles in the 3D environment before performing lifting operations (AlBahnassi and Hammad 2012).
Research Methodology
This paper aims to develop a real-time, integrated, lifting path planning system that includes data collection, a path-searching algorithm, and simulation functions.
This integrated system requires efficient collection and storage of the position and shape of lifting objects and obstacles in a work zone to establish a 3D model of a work zone before lift planning. The literature review reveals that previous real-time data collection systems are mainly based on sensors. However, these sensors require extra costs, and some sensors cannot detect the shape of the obstacles effectively for the purpose of path planning. When the worksite is changed, these sensors need to be installed again. Therefore, the method is mostly applied in the pre-operation planning stage and is not a good fit for mobile cranes due to the changeable work environment.
The integrated planning system developed in this paper is based on the boom head and D r a f t existing sensors in the mobile crane and does not require additional devices. In addition, the date storage is also designed based on collectable position parameters from the crane sensors.
The searching algorithms developed based on C-space methodology generally require additional calculation capability and are difficult to implement in a crane mounted controller in real time. As the dimension of C-space grows, these algorithms could become impractical if the C-space is treated as a state-space model. The path-searching algorithm in this integrated system works efficiently in the crane mounted controller to prevent contact collisions and overloading in lifting operation at a jobsite. In addition, given the collision and overloading prevention objectives are satisfied, the searching algorithm is further optimized based on the operation efficiency by selecting the most achievable crane boom position.
Different from the off-line 3D simulation before lifting operation in previous research, the integrated planning system in this paper visualizes the generated lifting path in real time through a top-view and sectional view of the work site and crane operation. control system, and no extra device is required for its implementation. Its architecture is composed of four parts: the mounted controller with a monitor, the operation control handles, three control valves, and three sensors. These parts are the standard configuration of current mobile cranes. One example, the Qy80v all-terrain crane, is shown in Fig.1 .
In Fig.1 , the arrow (1) points to the boom head, the arrow (2) points to telescopic pump control valve, the arrow (3) points to boom length sensor, the arrow (4) points to crane boom, the arrow (5) points to luffing pump control valve, the arrow (6) points to elevation angle sensor, the arrow (7) points to operation cabin (including mounted controller, operation control handles), and the arrow (8) points to turntable (including rotary pump control valve, rotation angle sensor).
The communication among all the parts is through the crane's Controller Area Network (CAN) bus (Fig.2) . The mounted controller in the operator cabin reads the current state of the operation control handles, which is driven by the crane operator, and then adjusts the intensity of the control current of the rotary pump control valve, the luffing pump control valve, and the telescopic pump control valve to regulate the speed D r a f t and direction of crane boom movement. The real-time position parameters of the boom head (i.e., boom length, rotation angle, and elevation angle) measured by the boom length sensor, rotation angle sensor, and elevation angle sensor are the key inputs of the system. The mounted controller determines the current location of boom based on these measurements.
Function flow chart
The developed system software includes two sub-modules -the pre-process module and the lifting path planning module. The functions of the lifting scheme planning system are summarized within the flowchart shown in Fig.3 .
The pre-process module is used to collect and save the position data of obstacles and lifting objects into the planning system. Obstacles are defined as objects that could potentially be involved in contact collisions with the crane during the lifting operation.
The obstacle data are collected based on a pre-defined classification model using the boom head, and stored based on the position parameters of the boom head in a track-sector datasheet. The source and destination position of lifting objects are also collected by the crane boom head. In addition, the working range and loading chart in the crane lifting performance manual are also recorded in system. In lifting path planning module, all available lifting schemes are created based on the information from the crane lifting performance manual, the collected obstacle and lifting object data. A recommended lifting path is chosen according to a set of optimization rules from D r a f t available schemes and simulated in real time.
Pre-process module
Considering the constraints and costs of additional devices for data collection, the boom head and existing sensors (i.e., boom length sensor, rotation angle sensor, and elevation angle sensor) on a mobile crane are used to collect obstacle information in this paper. The position and shape of obstacles are bound by collection points defined through a pre-defined classification model. For each collection point, the three position parameters of the boom head-the boom length, the rotation angle, and the elevation angle-are recorded by the crane's sensors. The position measurements are stored using a track-sector datasheet. To compute the relative position and the distance between obstacles and a crane, a cylinder coordinate system is developed to convert the position parameter measurements into the storage datasheet. Please refer to a previous study (Ren and Wu 2015) for more details.
Object classification model
The boom head is used to collect obstacle data information, which means all of the objects to be collected need to be modeled by nodes. The collected points are used to represent and re-produce the obstacles in the system's memory. Therefore, the first step is to classify objects in a mobile crane's work so that a variety of object data can be D r a f t collected efficiently. Table 1 lists the corresponding collection input points for different obstacle classes. To start the data collection for an obstacle, the operator selects the corresponding obstacle class on the mounted controller screen on the basis of the shape and size of the obstacle. The corresponding collection model with specified collection input points will be identified in the system interface. The operator moves the boom head to the target input point of the model, and presses the capture button on the system interface. The mounted controller automatically records the position parameters of the boom head (the boom length(r), the elevation angle (β), and the rotation angle (∅)) and sends them to the lifting planning system for conversion of the coordinates and data storage. After all of input points of the model are collected, the data collection process of the obstacle is finished.
Cylinder coordinate system
For each collected point, the coordinates are defined in a cylinder coordinate system. The cylinder coordinate system is the essential connection between the data collection and the data storage in the pre-process module. Although it is defined for the data collection by boom head in this paper, it will be compatible with other data collection methods, such as video data collection, data imported from Google Earth image, etc.
A cylinder coordinate system is proposed to represent the space around the crane efficiently. A crane's active work zone is bound by a cylinder of which the radius is the maximum length of the boom, and the height is the sum of the maximum length of the D r a f t boom and the crane's body height. The cylinder coordinate system is derived based on the Cartesian coordinate system(XYZ), where origin O is the vertical projection in X_Y plane of the crane's rotation center ܱ ଵ located in the center of the crane's body, the X axis is the crane body axis, the positive X direction points toward the traveling cabin, and the Z axis, being perpendicular to the X axis, takes an upward direction from the rotation center. Following the right-hand rule, the Y axis is determined by the first two choices, sharing the same origin with X axis and Y axis (Fig.4) .
As shown in Fig.4 , for any point P in the work zone space, its cylinder coordinates are (∅, d, h), where ∅ is the counterclockwise azimuth angle of point D measured from the X axis, point D is orthogonal projection of point P on the X_Y plane, d is the distance from point D to origin O, and h is the height from point P to point D on ground. Assuming that point P is one of the collection points defining an obstacle, the crane operator can move the crane's boom head to P and record location parameters of P: the boom length r , the elevation angle β, and the rotation angle ∅. The cylinder coordinates of P can be calculated from the measurements (r, β, ∅) through equation (1).
Where the distance m is from ‫ܤ‬ to the crane's rotation center ܱ ଵ , B is the hinge point between the boom and the crane chassis ‫ܤ(‬ ‫ܤ‬ ଵ ‫ܤ‬ ଶ ), and the height n is the crane's body height from O to ܱ ଵ . D r a f t
Obstacle data storage
As an analogy to the track sector of the gramophone record, a track-sector structure is proposed for the obstacle data storage. The bottom disk of the cylinder of a crane's work zone is divided into tracks -concentric circular strips with a width of 0.1m. Each track is further cut into 3600 sectors, each subtending to a central angle of 0. Table 2 , indicates that for the track-sectors at 0.2 -0.3 within 0.2m from the rotation center O, a crane is safe to move from the ground (i.e., 0.0m) to a height of 80m. In this case, a hanging obstacle exists above 80m, which could be a ceiling.
Moreover, if the crane continues moving to the tracks from 0.2m to 0.4m without changing the rotation angle ∅, there will be additional at-ground obstacles under the height of 6.8m. The maximum boom length is assumed to be 100.0m in this paper.
Lifting path planning module
The location and shape data of all immobile objects in the work area have been collected by a boom head and stored in a track-sector datasheet. If the location and shape of obstacles in the work zone change, the datasheet can be updated in real time by re-collecting information using the boom head. The lifting path planning module in the integrated system will optimize and simulate the lifting path based on the source and D r a f t destination position of lifting objects that are also collected by using the crane boom head.
In addition to the work zone environment data, the optimized lifting path is created based on the working range and loading chart in the crane lifting performance manual.
Information collection of lifting object
The crane driver moves the crane boom head to directly over the source position of the lifting object and collects the data ܲ ௦ ‫ݎ(‬ ௦ , ߚ ௦ , ∅ ௦ ) . The cylinder coordinates ܲ ௦ (∅ ௦ , ݀ ௦ , ℎ ௦ ) can be computed using the coordinate system conversion equation (1).
Similarly, the position data of the destination point ܲ ௗ (∅ ௗ , ݀ ௗ , ℎ ௗ ) can be collected by moving the boom head to the destination of the lifting object. The weight ܹ and height ‫ܪ‬ of the lifting object are estimated. The crane lifting performance manual is stored in the crane mounted controller. This manual includes the working range and the information of the load charts to avoid overloading and guarantee safe lifting operation.
The working range shows the minimum and maximum boom angles according to the length of the boom and the size of the counterweight. The load charts give the lifting capacity based on the boom length, the boom angle to the ground, and the size of the counterweight.
Real-time planning of lifting scheme
The proposed real-time optimization algorithm to generate a lifting path considering engineering constraints is demonstrated in a flowchart in Fig.5 . For better readability, not D r a f t all of the details are included in the flowchart. Each step in the flowchart is explained with more details in the following sub-sections.
Initializing lifting scheme table
The lifting scheme table shows the lifting path step by step. Each step records the boom elevation angles corresponding to a certain boom rotation angle given a fixed boom length. This table is initialized as blank at the beginning of the optimization process.
Choosing the boom rotation direction
The boom rotation direction is determined based on the objective of minimizing the 2) The collision-free range for the boom length within, which the boom can stretch without collision with on-site obstacles, is determined based on the sector column in the track-sector sheet corresponding to the maximal amplitude ݀ . Fig.6 illustrates an example to calculate the boom length range. Assuming there are three obstacles ܱ ଵ , ܱ ଶ , and ܱ ଷ on the ground and an obstacle ܱ ସ on the ceiling in this sector (Fig.6) , the elevation angle range within which the boom can rise without collision with these obstacles in the ݀ position is from ߚ to ߚ ௫ . The boom length range
can be calculated based on the elevation angle range [ߚ , ߚ ௫ ] using equation (2), where the angle 1 is the safety buffer.
(2) ‫ܮ‬ = ݀ / cos( ߚ + 1 ), ‫ܮ‬ ௫ = ݀ / cos(ߚ ௫ − 1 )
3) The working range and loading chart of the crane is queried using the value of the . If the crane uses a plug-pin luffing boom, the length range is not continuous. If the intersection set is null, there is no available boom length and no lifting path can be generated, and the path-searching process stops.
Selecting boom length and elevation angle
The first step to create a lifting path is to start from the source position point. This (Fig.7-(b) ). If there is no available ߚ , no lifting path can be generated and the path-searching process stops.
Calculating the elevation angle for each rotation angle
Assume that the boom rotation angle of previous position is ∅ and the pre-selected elevation angle is ߚ . According to the rotation direction of the boom, the current rotation angle ∅ is ∅ + ∅ ௦௧ , where ∅ ௦௧ is a pre-defined rotation angle increment for the 
Optimizing lifting scheme
If lifting paths can be created for multiple boom length choices, the number of times to change elevation angles in all the lifting paths from the source position to the D r a f t destination position are calculated and compared. The optimal path is the one which makes minimal changes. If there is more than one path that has the same changes in elevation angles, the one with the shortest boom length is chosen. If the boom length is the same for multiple generated paths, the optimal scheme is the one that has minimal changes in the rotation angle of boom. After the optimal path is selected, according to the boom length value of this scheme, the cable combination and multiple ratios, hook type and weight, and other parameters will be selected.
Real-time online simulation of lifting scheme
The real-time work zone is simulated for and visualized to the crane operator through a combination of a top-view and a sectional view on the monitor of the crane mounted controller. The boom moving process from the source position to the destination position based on the selected lifting path is visually accessible to the operator to assist this operation and real-time decision making.
System implementation and evaluation
The developed lifting planning system is an independent module that does not impair or slow down the existing intelligent control system of mobile cranes, and is easy to install on a crane-mounted controller. The system is compatible with existing crane-mounted control systems, and can function efficiently as long as real-time position D r a f t parameters of the boom head are readable from the crane CAN bus. These parameters are measured by the boom length sensor, rotation angle sensor, and elevation angle sensor and sent to the existing control system of cranes through the crane CAN bus.
The system was installed tentatively on a QAY all-terrain crane and a RT wheel crane that were produced by the XCMG Company in China and equipped with the eVision2-10.4T mounted controller, PAT-LWG208 elevation angle sensor, PAT-LWG152 boom length sensor, and RON786 rotation angle sensor. The system was also tested on a Qy80V truck crane produced by the Zoomlion Company in China that was equipped with the TPC-1051WP mounted controller, HA-JD-01R elevation angle sensor, HA-CD-02R boom length sensor, and ETF100 rotation angle sensor. The three models selected to validate the performance of the lifting planning system are: the QAY260 all-terrain crane, Qy80VF532 truck crane, and RT80 wheel crane. The system and data logger were installed on six cranes-two for each crane model. Six operators were randomly selected from the XCMG company testing center. Six different lifting jobsites were selected as test beds. One of the test beds is shown in Fig.9 . The six operators applied the lifting planning system in their routine lifting tasks for one week, generating 216 test operations.
When a lifting task was needed, the available position in the jobsite for crane parking was selected first according to the pick-up location, the location of lifting objects, and environment of the jobsite. After a mobile crane entered the jobsite, the shape and location data of all the obstacles and lifting objects in the work zone, and the distances between the crane and obstacles, were measured and recorded manually. Then, the D r a f t operator started the lifting planning system to collect obstacle data through the user interface shown in Fig.10 . The gray bar on the top shows the current position parameters of the boom head. The operator needs to click on the matching classification of the obstacle from the left-top panel to call up the corresponding data collection panel on the right. Each obstacle class relates to its corresponding data collection module, which is shown in the right panel. In the example shown in Fig.10 , the ground cylinder class was selected. Fig.9 gives some other examples of obstacle classification including: 1) three buildings and building materials that are classified as cube objects, 2) an electric cabinet is classified as a cylinder object, 3) and hanging power lines are classified as hanging objects. Then, the operator needs to move the boom head to the specific points listed in the right panel to collect required inputs. The right panel currently shows the three points to be collected for the cylinder object. The operator can click on the "Recollect" button to recollect the data of the point. The "Finish collection" button pops up after all the required points are collected. The lower-left corner is a top-view of the work zone around the crane displaying the location and shape of the obstacles already collected and stored.
Based on all the collected obstacle information, this system can automatically perform the required calculations to fill the track-sector datasheet. In addition, the "Mend&Del" button enables the operator to change and delete the collected information of the obstacles if necessary. The "Con-collect" button enables the operator to continue collecting the inputs required for the next obstacle. The "Back" button enables the operator to exit the data collection interface and go back to the main interface of the D r a f t system.
The user interface for collecting the information for lifting objects is shown in The performance of the obstacle data collection module was validated by comparing two datasets of the obstacles that were collected by the system and by hand. The evaluation based on the 216 test operations indicated that the system can efficiently collect 96.8% of the obstacles in the tested jobsites; the mean of the relative errors of detecting distances from obstacles to cranes was 3.27%, and the standard deviation of the relative error was 1.47%. The mean and standard deviation of the relative errors of the volume calculation of obstacles were 5.63% and 3.42%. The 216 optimal lifting paths were successfully created and simulated by the system for the 216 test operations. The results of the simulation and operation showed that no collisions or overloading occurred while using these optimized lifting paths. Additionally, ten experienced crane operators were invited to grade these 216 lifting schemes, and the mean of the 216 scores was 83.6.
Moreover, two-hundred questionnaires were distributed to the customers who used this lifting planning system to evaluate the system performance regarding their first three-month experience. The results of the 162 returned questionnaires showed that 74.3%
of users were satisfied with the performance of the system, 17.4% of users gave the system an average rating, and 8.3% of users gave it a negative evaluation. D r a f t
Conclusion
A real-time lifting path planning system is developed in this paper to provide an optimization lifting scheme for crane operators before lifting operations. First, the shape and the location data of obstacles and lifting objects are collected by the boom head through a self-exploration method based on an obstacle classification model. The collected location data P(r, β, ∅) is converted to the proposed cylinder coordinates To conclude, the real-time integrated system developed in this paper can generate an D r a f t optimized lifting path to avoid collision and overloading, and visualize the lifting operation in a cost-effective way. The advantages of this system mainly include three aspects:
(1) The location and shape information of obstacles are collected using the boom head, so the system do not require any extra cost to equip external sensors. If the obstacle location and/or shape changed during the operation, the information can be re-collected in real-time. The capability of collecting data using an existing crane controller and sensors does not require additional computation capacity and memory for data storage, which enables the real-time application of the system in mobile crane.
(2) The optimization algorithm is based on the working range, load chart and the three engineering constraints on boom length, elevation angle, and rotation angle. This algorithm is easy to implement and can generate results efficiently for real-time application. Previous research in the lifting path optimization generally treated a crane as a multi-degree-of-freedom robotic manipulator and adopts searching algorithms to find feasible paths in the C-space while preventing collisions and overloading during lifting operations. These searching algorithms require additional calculation capability, which makes them difficult to implement in crane mounted controllers in real-time. 
D r a f t
The limitations of this research, however, include (1) the process of collecting information of obstacles in a work zone needs an operator's manipulation, and (2) the data collection method is designed for still obstacles in a work zone. Therefore future research is to find a way to automatically collect information of work zone without the need for operator intervention, such as video data collection, data imported from Google 
